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Abstract-A studv of  u(V1) adsorption bv femhydnte was conducted oker a wide range of  U(V1) 
concentrations pH and at two partial pressures o f  carbon dioxide A two-site (strong- and weak-affinity 
sites =Fe,OH and =Fe,OH respectivelv) surface complexation model was able to descnbe the exper- 
imental data well o\er a wide range of conditions with onlv one species formed with each site type an 
inner-sphere mononuclear, bidentate complex ofthe type (=Fe02) U 0 2  The existence of  such a surface 
species was supported bv results of uranium EXAFS spectroscopv performed on two samples with U( V I )  
adsorption densit\ m the upper range observed in thls studv ( 10 and 18O0 occupancv of total surface 
sites) Adsorption data in the alkaline pH range suggested the existence ot a second surface species 
modeled as a ternan surface complex with U02CO; binding to a bidentate surface site Prekious surface 
complexation models for U( VI) adsorption have proposed surface species that are identical to the pre- 
dominant aqueous species e g multinuclear hvdrolysis complexes or several U ( VI )-carbonate complexes 
The results demonstrate that the speclation of  adsorbed U( VI ) mav be constrained bv the coordination 
environment at the surface giving nse to surface speciation for U( VI) that is signihcantlv less complex 
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psn 

than aqueous speciation 

1hTRODL CTlOU 

THE MOBILIT\ OF U in hater-rock s\stems is dependent both 
upon its abilitv to form insoluble precipitates and particularly 
at relativelk low total uranium concentrations upon its ten- 
dencv to adsorb to solid substrates Considerable advances 
have been made in developing a coherent set of thermodv- 
namic data for descnbing the solution and mineral equilib 
nuin hehabiour of U (GRELTHE et al 1992) but despitean 
e\ w v e  range of investigations 01 the adsorption behaviour 
01 uranium (re\iewed in WAITE et al 1994) considerable 
uncenaintk still remains concerning the best approach to 
model uranium adsorption to mineral phases 

Figures I and 2 show the complex distnbution of U( VI) 
aqueous species as a function of pH in the absence of car- 
borne and at equilibnum with two different partial pressures 
of CO1 The c;llculations were made with the equilibnum 
speciation computer code HYDRAQL ( PAPELIS et a1 , 
1988) using the thermodvnamic data given in Table 1 The 
s ibilitv of well-crystallized @-U02( OH l2 in  the absence of 
cdrbonate is illustrated in Fig la the aqueous speciation IS 
dominated bv mononuclear U( VI 1 species at all pH values 
in this svstem but the multinuclear species ( U 0 2 ) ~ -  
(0H);'and ( U02)3(OH): are also important At low total 
dissolved U(V1) concentrations (<IO-* M),  these multi- 
nuclear species are much less important (Fig 1 b) If it 1s 
assumed that the precipitation of  P-U02( OH)* is kinetically 
hindered and the solubtlitv is controlled by an amorphous 
phase multinuclear species can predominate at higher totd 
C >solved U( VI ) Concentrations (Fig I C )  However, in equi- 
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librium with air aqueous speciation of U( VI)  in the neutral 
to alkdine pH range is dramsticallv influenced b\ the for- 
mation of strong carbonate complexes ( Fig 23) Different 
species predominate 31 different partial pressures of  COz 
(Fig 2b)  

Qualitative obserkations of U( V I )  sorption have been re- 
ported for a large range of  single and complex substrates For 
example S T A R I ~  et al ( 1958) studied the sorption of trace 
concentrations ot U ( V I )  to Fe ox\ hvdroxides and found ad- 
sorption to be greatest at a pH o f  approximatelv 5 Ura- 
nium( V I )  adsorption decreased in the presence of carbonate 
T R I P ~ T H I  ( 1983) and Hsl and LANGMUIR( 1985) found that 
carbonate played a cntical role i n  the distnbution of  U( VI)  
between the surtaces of Fe oxide phases and solution They 
observed that at higher carbonate concentrations when the 
UOz(C03)I-  and U 0 2 ( C 0 3 ) ; -  species dominate i n  solution 
(Fig 2 )  there was a sharp decrease in the extent of U(W) 
adsorption with a resultant high-pH or desorption' edge 
TRIPATHI ( 1983) found that very high U(V1) adsorption was 
observed under conditions where ( U02)zC03( OH); was the 
predominant U( V I )  aqueous species 

Similar results were found by Ho and coworkers for U(V1) 
sorption on hematite ( H O  and DOERN 1985, HO and 
MILLER, 1986) and magnetite (SAGERT et a1 , 1989) These 
authors were interested in the identity of the adsorbed uranyl 
species particularlv in the presence of carbonate Based on 
the electrophoretic mobility bf particles with adsorbed U( VI), 
Ho and coauthors concluded as did TRIPATHI ( 1983) that 
( U02)2C03( OH ); was an important adsorbing species when 
carbonate is present HO and DOERN ( 1985) suggested that 
( U02),(  OH); was the major U(  VI) adsorbing species in the 
absence of carbonate 

A number of authors have applied the surface complexa- 
tion approach to modelling the partitioning of U (VI) between 
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FIG 1 Distnbution of major U ( VI ) species in the absence of CO- 
(I  = O I ) pC (-log concentration ) of species as a function of pH 
(a)  Solubilin of&U040H)2 showing dominant speciesasa function 

(OH): 5 U02(OH)(; 6 UO2(OH); (b)Speciation of U ( W )  at 
a total dissolved concentration of IO-' M ( c )  Speaation of U (VI ) 
at a tom1 dissolved concentration of IO-' M precipitation of crvstalline 
U (VI ) oxides prohibited in the calculation 

Of PH 1 UOZ' 2 (UO2)2(OH)I+ 3 UOzOH', 4 (UO2)1- 

solid and solution phases over the last ten vears The basic 
modelling approach has been similar in  each case, wth minor 
differences in the mode ofdescnption ofthe electncal double 
laver and more imponanth differences in the proposed sur- 
face complexes For example Hsi and LANGMUIR ( 1985) 
used the tnple laver model of DAVIS et a1 ( 1978) to  descnbe 

their expenmental results as a function of pH and dissolved 
carbonate The\ assumed that the dominant aqueous Phase 
species U 0 2 0 H '  and (UO,) , (OH);  were adsorbed in  the 
absence of carbonate and found good agreement betbefp the 
expenmental results and model simulations ustngthe 1 Jw 
ing surface complexation reactions 

E F e O H  + UO:+ + H 2 0  L-) 
=FeO--UO20H' + 2H' ( 1 ) 

and 

r F e O H  + 3UO:. + 5H20 - 
=FeO--(UO?)?(OH); + 6H-  ( 2 )  

where =FeOH represents an hvdroxvl functional g r v  1 on 
the surface and the left-hand side o f  the equations are iten 
i n  terms ofsvstem components rather than the predoniinant 
aqueous species (DZOMBAh and MOREL 1990) The possl 
bilm of formation of bidentate and tridentate surface corn 
plexes was also considered b) HSl and LAVCML IR ( 1985) 
with a bidentate complex o f  the form ( E F e O - )  -(UO,), 
(OH ): ( I n  coniunction with =FeO--UO:OH- 1 fitting the 
data as nell as Eqn 2 

I n  the presence o f  carbonate HSI and L A N C M L I R  ( 1985) 
found it necessan to assume the formation of strong 1 1 V I )  

OP 
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PH 
FIG 2 Dissolved speciation of U ( V I  ) at a total conceniraliOn Or 

IO-b M in an open %stem equilibraied with f a )  a panni pressure or 
CO- of IO-'' aim or ( b )  a panial pressure orC0 of 10- aim Ionic 
strength = 0 I pC (-log concentration I of species as a function Of 
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r Reaction 

rc 
UO? + OH' t U0,OH' 

Adsorption of U (VI) on femhvdnte 

logK 
(1-0) 
8 8  

>467 

c 
UO," + 20H- = UO2(0H); I 160 

v 
UO? + 30H- = UOAOHL- I 2 2 0  1 

Table 1 U(VI) Aqueous Phase Reactions' 

r 
c 

2UOF + OH- = (UOz)z(OH)" 

2U0," + 20H- = (UO,),(OH)$ 

3U0," + 40H- = (UO,),(OH)," 

11 2 

22 37 

44 1 

- 
c 

m - 
3U0," + SOH- I (UO,),(OH),' 54 44 

3U0," + 70H- = (UO,),(OH),- 67 0 

4U0," + 70H- (UO,),(OH); 76 1 
t 

-- 
uop + co," = uo*co,o 9 7  

170 

21 63 

40 8 2  

23 07 

UO," + 2c0,2- = UO,(CO,),G 

UO," + 3C0," = UO,(CO,),c 

2UOF + CO," + 30H- = (UOZ)pCO,(OH),- 
p UO,(OH), - UO," + 20H- 

'Stability constants from Grenthe et al (1992) 
bStability constant from Tnpathi (1 983) 

carbonate complexes at the surface in order to fit their ad- 
sorption data Thev assumed that the dominant solution 
phase species was the dominant adsorbing species I e wnting 
the left-hand side of the equations in terms of components 
again 

EF&H + UO?' 4 2CO;- + H' - 
E F e O H  f-UO:( CO, 1;- (3) 

and 

SFeOH + UO;' + 3CO:- + H' - 
=FeOH T-UO:( COS 1:- ( 4 )  

BY considenng these additional surface species HSl and 
LANGMUIR (1985) were able to obtain excellent agreement 
ktween model simulations and U( VI) adsorption data on 
goethite for a single total inorganic C content (CT = IO-2 
M) However, the model s~mulations were less s u c m ~ f u l  in 
dcscr ig adsorption data for CT = M 

PA 1 *E and WAITE ( I99 I ) applied the proposed model of 
HSI and LANGMUIR ( 1985 ), including the same reaction set 
and stability constants to model U(V1) sorption on the 
amorphous Fe oxide component of a weathered schist These 
authors found poor agreement between model simulations 
and their expenmental data At the total carbonate concen- 
trations used in their study ( 2  m M ) ,  the U02CO': aqueous 
sptcies was important in the pH range 4 8-6 4 and the fit 
ofthe model simulations to  the data were greatly improved 
when was assumed that a ==FeO--UO2CO': surface com- 
plex qned 

In the applications of surface complexation models to de- 
mbe U( VI) adsorption by iron oxides investigators have 
usUh assumed that the predominant aqueous species are 
involved in surface complex formation Because LJ( VI 1 

aqueous speciation is complex this has led to a wide range 
o f  proposed surface species and a unified approach to the 
modeling IS lacking Major differences among the modeling 
approaches include ( 1 ) the most appropnate choice o f  surface 
species at low pH where complevation bv carbonate is un- 
important and ( 2 )  the number tvpe and presumed impor- 
tance of U (  VI )-carbonate-surface ternan complexes Al- 
though polynuclear U(V1) species are known to be ther- 
modvnamicallv stable in aqueous solution (Figs I 2 )  the 
likelihood of polvnuclear species at the surface, e g 
=FeO--( UOI)3(OH);, has not been tested in adsorption 
studies bv a svstematic vanation o f  the total U( VI) concen- 
tration Although surface species should ideallv be identified 
bv spectroscopic methods detection limit problems make it 
difficult to confirm bonding structures at lo\\ U ( V I )  concen- 
trations 

In this paper we report the results of studies of U(V1)  
adsorption on femh\dnte over a wide range ot solution and 
suspension conditions In addition to the batch evpenments 
U Extended X-rav 4bsorption Fine Structure ( E X A F S )  data 
were collected and anahzed for two fernh\dnte samples with 
high adsorption densitv A surface compleution model with 
simple surface speciation is used to descnbe the adsorption 
data Both the surface comple\arion model and the results 
o f  X-rav absorption spectroscopv suggest that the species 
formed is a unique product ot the coordination environment 
at the surtace which is independent of the predominant 
U ( V 1 )  species in solution 

E\PERI\IE\TlL 
hlatcrials 

Fernhbdnte isa microcnsialline h\drous Fe ovde IhJt mav exhibit 
a number of different crvstalline phases u i t h  3 stoichiometn near 
FeO, H,O ( T O N E  and B R ~ D L E ' I  1967 SCHWEKTMAUY and 
FISCHER 1973 M A V C E ~ U  et a1 I990 NL)CHLUAS er a1 1993 
RE4 et a1 1994) The least crcstalline lorm 01 lernh\drite displavs 
two broad X ra\ diffraction peals indicating poor structural order 
and small panicle size and has been referred to as two line lern 
hvdrite (SCHWERTM4hL and FISCHER 197; M b R 4 D  and 
S C H W E R T W ~ \ U  1980) Tuo-line ferrihkdnte \\as precipitated bv 
raising the pH of a Fe"/HVO, solution to 6 0 dnd then aged for 
6) h at pH 6 and 23°C in a continuousIv stirred pH dnd temprrature- 
controlled *esse1 

The elementan u n i t  of the fernhvdrite structure is an Fe3+ ion 
surrounded bv six close pached 0 - or OH- anions I e an Fe oc- 
tahedron ( WAI CHL~UAS et al I993 ) Larger units consist of the Fe 
octahedra joined b\ shanng edges forming shon double chains of 
octahedra these l ink funher to other chains b\ shanng corners to 
form a cross linked structure similar to goethite or ahaganeite (WAY 
CHUNAS et a1 1997) Electron micrographs indicate sphencal crvstal 
morpholog. (%HHERTM4\\1 and TAYLOR 1977) but these panicle 
are expected to be compnsed of large aggregates 01 the cross-linked 
dioctahedral chains (WAYCHUYAS et a1 199;) The pnmarv panicle 
size is believed to consist of I >4 4 spheres ( hlL RPHY et a1 1976a b 
DOUSMA and DE BRul u 1976 1 but wide angle X rav scattenng 
studies suggest a crvstallite coherence length of % I >  A ( WAYCHUNAS 
et a1 1994) 

Apnmam U(Vl)stocksolution( 10000mgU/L)in 10%"Oj 
was prepared from anahtical grade urantl nitrate solution A sec 
ondarv stock (59 mg U/L) prepared in 0 01 X1 HNO, was prepared 
for addition of dliquots to batch adsorption elpenments For batch 
experiments with verv dilute total U (  VI) concentrations ( IO-' M or 
less) a z3aU isotope was used as a radiotracer The was obtained 
from the  Chemism Dikision of the U K Atomic Energ\ 4uthoritv 
(Hanvell) as a standard solution in Z M nitnc acid All other chemicals 
used were reagent grade 
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Batch Experiments 
Aliquots of the aged fernhydnte slum were transferred to open 

polypropylene centnfuge tuba and sufficient NaNOI was added to 
bnng the suspensions to the desired ionic strength (aluavs 0 I M 
NaNO,. except in the ionic strength dependence expenments) Con- 
centrations of femhydnte used were M (as Fe) in most of the 
batch studies For studies at pH > 7 0 sufficient NaHCO, %as added 
to achieve equilibnum with air at the desired expenmental pH The 
pH of the slurr) was adjusted to the desired expenmental value im 
mediately before and after NaHCO, addition and the tube was shaken 
for 24 h in a water bath at 25'C Several 2-mm holes were dnlled in 
the centnfuge tube lids in order to keep the  svstem open to the at 
mosphere At the end of the 24 h penod the pH was remeasured 
but not adjusted pH dnft was alwais less than 0 I5 pH units The 
desired amount of  U(V1) was then added (usualh M except 
in  the studies of  dependencv on total U concentration) with im 
mediate readjustment of the pH to the \slue measured just pnor lo 
U(VI) addition With the exception of the studv of adsorption ki 
netics the precipitate and aqueous phases were separated b\ cen 
tnfugation after 48 h of mixing The pH was measured again at the 
time of sampling The dissolved U Concentration was ivpicallv de- 
termined bv kinetic phosphorescence anahsis ( discussed belou ) ex 
cept in cases where ven low concentrations of U( VI ) were added 
In these expenments the anificial isotope was added and ad 
sorption %as quantified bv isotopic dilution using alpha-spectromem 
(see belou ) 

While most of the expenments were conducted under atmosphenc 
conditions some investigations were performed in a glove bo\ at an 
elevated partial pressure of carbon dioxide The gas composition used 
in the glovebox was a 50 50 mixture ofordinan air uith a 3% CO2/ 
98% N2 special gas mixture yielding a final gas cornposition of IC 
CO~/lO% 02/89F Nz 

A ~ l W i ~ s l  Methods for Dissolved U(\ I )  

The U( VI ) concentration of the supernatant Has deiermined in 
most experiments uith a kinetic phosphorescence analvser (model 
KPA-IO Chemchek Instruments Richland b A )  I n  practice a de 
tection limit of about M U( VI ) can be readih achieved and 
even lower detection limits are achiebed u hen minor inierfenng sub- 
Stances e g chlonde are absent from the sample Comparison with 
results obtained b\ alpha-spectromern and inductneh coupled 
plasma-mass spectrometric analvsis confirmed that the Linetic phos- 
phorescence analvxr (KPA) results uere accurate to within 23% 

Alpha spectrometry was used for the determination of U( VI) when 
the concentration in solution was belo\\ the detection limit of the 
KPA technique In these instances 10- M or 1O-*M ofthe artificial 
isotope *%U (rather than natural U) uas added to the batch exper- 
iments A known quantitv of 232U (another anificial isotope) was 
added to supernatant samples asa vield tracer Afier standard chemical 
separation steps (PAYNE and WAITE 1991) the uranium isotope 
activities were measured using an Onec Alpha-King alpha-spectrom- 
eter and the concentration of 2yU in solution was determined from 
the relative count rates of 232U and 2MU 

X-Rat Absorption Spectrometry 

EXAFS data were collected on the U Lit, edge over the energy 
range I7 100-1 8,160 eV ai the Stanford Svnchrotron Radiation Lab 
oratory (SSRL) on bmmhne 4-1 using Si ( I I I ) monochromator 
crynals Samples wen held wthin milled slots in 4 mm thick Teflon 
plates Kapton tape over the slou held the sample pastes in place 
Ruorcscence vield spectra were collected under ambient conditions 
unng an Ar-filled ion chamber wth soller slit and Sr filter assembl) 
to limit scattered radiation (STERN and HEALD 1979) Transmiwon 
spectra were collected for a solid model compound umninite ( U02)  
Minimal (5%) detuning of the monochromator was necessarv to re- 
move beam harmonics 

Samples for EXAM data collection were prepared in the same 
manner as that used in the batch adsorption expenments. and then 
were concentrated as wet pastes 2 L batches of fmhvdnte ( IO-' M 
as Fe) were precipitated b) raising the pH of a Fe3'/HN0, solution 

- 

10 6 0 and then aged for 65 h at pH 6 and 25°C in  a continuousl\ 
s t l d  pH and temperature-controlled vessel Sufficieni A 3, 
added to bnng the suspensions to an ionic strength of0 I I! J . h ~ ~ ,  
The pH of the slumes were then adrusted to pH 5 (sample UF3),,, 
5 5 (sample UF4) and held constant at the selected PH values for 24 
h Uranium(V1) was then added to a concentration of 10- M thC 
suspension was mixed at constant pH for 48 h and then was con 
centrated to a wet paste by centnfugation U/Fe molar ratios In  thr 
precipitates were 0044 and 0077 respectivel) for samples uF3 
and UF4 

RESULTS AND DISCUSSION 

The concentration of dissolved U (VI) measured - $atch 
expenments decreased rapidlv within the first few t -s In 
dicating a rapid initial adsorption process (Fig 3 )  Subse 
quentl), a slower sorption process that continued for at 1- 
200 hours was observed This tvpe of sorption kinetics IS 

typical for the binding of inorganic ions to  femhvdnte and 
other mineral surfaces ( D A V I S  and KE~T, 1990) The rate 
of the initial adsorption process is probablv controlled b) 
film diffusion at the extenor of panicles which takes on/) 
minutes to reach equilibnum if mass transport in the bulk 
solution is not limiting FULLER et al ( 1993) ha\? +own 
that the slower process (for arsenate sorption) on fer ldnte 
is due to diffusion into large aggregates formed bc the fern 
hydnte particles We assume that a similar mechanism ma\ 
account for the slow rate of U (  VI)  adsorption observed in 

our expenments For all subsequent batch expenments with 
femhvdnte, a reaction time of 48 h was chosen to approxi 
mate equilibnum since greater than 958 of the adsorption 
occurred within this reaction time 

Uranium ( V I )  adsorption to femhvdnte ( 1 mM as Fe) as 
a function of pH and ionic strength i n  svstems opei to the 
atmosphere is shoun in Fig 4a Adsorption incres from 
near zero at pH 3 5 to greater than 99% of the total U (VI ) 
at p H  5 5 and then decreased to  zero in the pH region 8-9 
Similar obsenations have been made bv HSI and LANGMUIR 
( 1 9 8 5 ) ,  and the results suggest that U(V1)  adsorption de 
creases i n  the weak]) alkaline pH range due to the formation 
ofaqueous U(V1)-carbonato complexes (Fig 2 )  Within ex 
penmental error, U( VI) adsorption was independent of ionic 
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FIG 3 Adsorption of IO-' M U(V1) on fernhvdnte IOr3 as 
Fe) in  0 I M haN03 as a function of time at pH 4 5 and 5 0 Sflern 
open to the atmosphere 
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FIG 4 ( a )  4dsorption of M U(Vl)on femhvdnte( IO-'M 

Y Fe) as a function of pH and ionic strength Svstem open to the 
airnosphere (b) Adsorption of M U(V1)  as a function of pH 
on two diferent concentrations of fernhvdnte ( 0  02 M or 0 001 M 
Y Fe) in  0 I M YaNO, System open to the atmosphere 

strength in the acidic pH range but exhibited a slight depen- 
dence on ionic strength in alkaline solution Previous mod- 
eling studies of trace cation adsorption on hydrous oxides 
suggest that the formation of an inner-sphere surface complex 
IS consistent with observations of adsorption that are inde- 
Pendent of ionic strength (DAVIS and KENT 1990) 

At a given pH, dissolved U( VI) decreased i f  additional 
femhvdnte was present (Fig 4b) This result IS expected if 
an ac'gorption reaction controls the dissolved U( VI) concen- 
tfal i since more surface sites are present when more fer- 
nhvdnte is added The result also confirms that the concen- 
tfation ofdissolved U( VI) was not controlled by the solubility 
ofa U( VI) preapitate, since the addition of more femhydnte 
would not be expected to  affect dissolved U ( VI) in that case 

The dependence of adsorption on the total U(V1) con- 
centration in  the batch expenments is shown in Fig 5 Ad- 
Wrptlon data are shown for batch expenmenu mth total U(W) 
concentrations of IO-' M, M IO-' M and M 
In the acidic pH range and for M and M in the 
all ne pH range The pH "edge" in the acidic pH range 
mored to a higher pH regron as the total U( VI) concentration 
added was increased This trend in adsorpaon mth increasing 
u(vl) concentration is opposite from that expected if poly- 

nuclear U ( V I  ) complexes formed at the surface In solution 
multinuclear species increase i n  importance as the total dis- 
solved U (  VI) concentration increases (see Fig 1 b c)  because 
of the exponential dependence on UO:' in the mass law 
equation for these species By analogy i f  a multinuclear 
U (  VI)  surface complex formed at the lower U(  V I )  concen- 
trations the proportion of total U( V I )  adsorbed at a given 
pH should increase as the U(V1) concentration increases 
(assuming surface sites in excess) Instead the proportion o f  
total U( V I )  adsorbed at a given pH decreases as the U( VI)  
Concentration increases (Fig 5 ) This trend as a function o f  
U (  VI ) concentration is consistent with that typicallv observed 
for transition metal cations ( BEYJAMIN and LECKIE, 1981 ) 
which are known to form mononuclear surface complexes 
( D A V I S  and KENT 1990 CHISHOLM-BRAUSE et al 1990 
ROE et al 1991) 

The trend in adsorption with U( VI)  concentration means 
that the average free energv o f  adsorption (per mole) decreases 
with increasing surface coverage Plotting the data obtained 
at pH 4 50 (+O 05) in isotherm form (log dissolbed U (  VI) 
vs log adsorbed U ( V 1 ) )  results i n  a Freundlich isotherm 
with a slope of approximatelv 0 6 4  over four orders ot mag- 
nitude i n  U(V1)  concentration ( W A I T E  et a1 1994) This 
Indicates that UCVI) adsorption was not proportional to the 
dissolved U concentration ( I  e the isotherm is nonlinear) 
\ore also that the pH edge in the alkaline region shifted 
to a lower pH range i n  the batch experiments with higher 
U ( V 1 )  concentration This shift also implies a decrease in 

the average free energv o f  U (  V I )  adsorption with increasing 
surface coverage in the alkaline pH range 

The pH dependence o f  U ( V I )  adsorption as a function o f  
the partial pressure o f  C 0 2  is illustrated in Fig 6 Increasing 
the partial pressure o f  COz to 1 %  resulted i n  a ven small 
increase in the proportion o f  U(V1)  adsorbed i n  the acidic 
pH range but caused a significant decrease in  U ( V I )  ad- 
sorption i n  the pH range 7-9 The effect is consistent with 
the hvpothesis that the formation o f  aqueous U (  VI )-car- 
bonato complexes is responsible for the decrease in U(V1) 
adsorption observed in the alkaline pH range I n  a qualitative 
wav the result can be viewed as a competition between the 
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FIG 5 4dsorp~on of U( V I )  on fernhvdnte ( IO-' M as Fe) as a 
function of pH and total U( V I )  concentration in 0 1 M NaNO, 
Svstem open to the atmosphere 
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FIG 6 Adsorption of M U ( V l )  on femhvdnie (IO-' M as 

Fe) as a function ofpH and partial pressure of CO- in 0 I M NaNOI 

fernhvdnte surface and aqueous carbonate anions for coor- 
dination of  the uranvl Cation 

EXAFS Data Anal! sis 

X-rav absorption spectroscopv (XAS) uas developed as a 
quantitative shon-range structural probe dunng the 1970s 
and is applied increasingly in  studies in the geosciences 
(BROW 1990) XAS is an element-specific bull. method 
giving information about the average local structural and 
compositional en~ironment of the absorbing atom In EX- 
AES the extended fine structure bevond an X-rak absorption 
edge welds structural infomation for an element afier Founer 
transformation of the fine structure (see review anicle b\ 
BROWh 1990) Because of  the method of sample preparation 
in the current stud\ U was present in significant quantities 
on11 at the surface of ferrihvdnte Thus although EXAFS is 

a bulk technique its application here melded structural in-  

formation about adsorbed U(V1) 
Because of the lach of availabilit\ of suitable model com- 

pounds we used the ab initio routine FEFF-5 03 (REHR et 
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2 1  
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e -1  
x 
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- 4  
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FIG 7 Exiracted EXAFS spectrum from sample UF4 weighted 
bv A' 

a1 , I 99 1, MUSTRE DE LEON et a1 , 199 1 ) to calculate EXAR 
phase and amplitude funct~ons for U-0 (axial and equa 
tonal) U - Fe, and U - U atom absorber-backscatterer 
painngs Testing ofsimilar FEFFdenved ab initio ph and 
amplitude functions for the U-0 pairs had been dL,  pre 
V I O U S I ~  by a colleague in the fitting of many model compound 
spectra (H A Thompson, pers commun ) Further testing 
of u-0 and U-U phase and amplitude functions were 
done on our uraninite spectra I n  all cases, the fits were or 
excellent quality Separate phase and amplitude functions 
were necessann in all cases for the U-0 axial and U-0 
equatonal pairs as the former contnbutes much more am 
plitude to the EXAFS spectrum No model compound spectra 
were available to test the calculated U - Fe functiw 

Sample spectra were analvzed with the EXAFSP . pro. 
grams akarlable at SSRL Figure 7 shows the extracted E X A E  
signal from sample UF4 Though the signal IS somewhat 
nois> well-defined EXAFS oscillations continue out to 16 
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FIG 8 Founer-transformed EXAFS spectra ( EXAFS S1mflurc 
functions) for samples (a )  lJF3 and f b )  UF4 The firs1 four ma@ 
peaks a1 circa I 0 1 4 1 9 and 2 2 A are all due 10 U -0 a1Om 
backscattenng and the peal, at circa 3 0 A 15 due IO U-Fc 
pair backscartenng 

A-' 
U F4 
of tb 
coni 
pon 
den\ 
: A  
tram 
one 
U- 
ads01 
notal 
defin 
l l C U l  

Be 
EXA 
EXA 
U- 



Adsorption of U (VI) on femhydnte 547 1 

A-1 Founer transforms of  the EXAFS spectra of samples 
uF4 and UF3 are shown in Fig 8 The first four-peak regon 
of the Founer transform (or EXAFS structure function) 
contains information on the vanous U - 0 bonds This re- 
p" \bas backtransformed into k-space and fit wth the FEFF- 
den d functions (Fig 9a) Analogously the fifth peak near 
3 A uhich contains the U-Fe contnbutions, was back- 
mnsformed into k-space and fit (Fig 9b) Three U-0 and 
one U-Fe shell were used to fit the data (U-Ou,ai, 
u-OsqWton.i, U-OlohnS, and U-Fe) Fits without the 
&orbed (longest bond length) equatonal U - 0  pairs were 
"otabh poorer than fits that included this shell Also, a well- 
defined U - Fe shell was necessary for a reasonable fit par- 
ncutarl\. at higher k values 

Besides filtenng the separate EXAFS contnbutions in the 
EX, -s structure function for fitting we also fit the entire 
EXArS function with four shells This produced very similar 
u-0 results but slightly different U- Fe results However, 

(a) 4 0 

3 0  

2 0  

1 0  X 
P 
0) E - m 0 0  

*g - 1  0 
x 

-2 0 

3 0  

- 4  0 

as we discuss below, all fits are consistent with edge-shanng 
uranvl groups sorbed onto Fe oxyhydroxyl octahedra, i e ,  a 
mononuclear, bidentate sorption complex (Fig 10) The dif- 
ference in the fits between full-pattern and filtered EXAFS 
IS believed due to major U - 0  contnbutions that super- 
impose onto the U - Fe peak in the structure function, and 
which cannot be separated by filtenng The fit results for 
sample UF3 are very similar to those for UF4 All results are 
shown in Table 2 

Our results differ only slightly in bond distances and co- 
ordination numbers from those o f  MANCEAU et al ( 1992), 
as do our EXAFS spectra and structure functions This may 
be due to slight differences in sample preparation and also 
to the larger A-range of our data However, the U- Fe dis- 
tances we obtain are quite similar Due to the relatively well- 
defined size of  the uranvl group in crystal structures (e  g , 

tulate the U - Fe distance for idealized femhydnte-uranyl 
ABERG 1969 1970, 1971 ABERG et a1 1983) We can POS- 
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FIG 9 Fit to Founer-filtered EXAFS contnbutions in sample UF4 from ( a )  U -0 peak regon ofstructure function 

over k-range 3 0-13 5 A-' (b) U-Fe peak region of structure tunction over r(-range 3 0-15 0 A- '  Filtered data 
points are shown and the solid line is the fit model The Founer transform of each fit IS shown at the nght The solid 
line is the transform of the fit and the dashed line npments the filtered data 
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FIG IO Model structure for the bidentate surface complex of UO!' on femhvdnte showing the edge shanng bond 
with an iron octahedron that is pan of a dioctahedral chatn O,, reprecents axial oxygen atoms of UO" Ow, represents 
equatonal ongen atoms of U O F  not involved in the complex and Ow- represents equaronal oxvgen atoms shared 
with the iron octahedron 

bidentate sorption complexes These can share two uran\l 
equatonal oxygens with the adjacent apices of edge-shanng 
F e  oxvhvdroxvl octahedra In several wavs (see COMBES 
1988) or there can be edge-shanng with a single Fe oxvhk- 
droxvl octahedron In the former case the U - Fe distances 
are on the order of 4 2-4 3 A or more and there are two Fe 
second neighbor ions contnbuting to the backscattennp I n  
the latter case there is a single Fe ion second neighbor to the 
U ion and the U -Fe distance IS about 3 3-3 5 A 

All of our fits indicate onl\ 0 4-1 I Fe neighbors at a dis- 
tance of 3 33-3 41 A Attempts 10 fit U-u painnp for 
these distances showed poor agreement both in phase and 
amplitude U - U  distances could also not be fit for an\ 
larger distances suggesting that either urancl multinuclear 
complexes do not exist on the femh\drite surface or that 
the U - U  bachscartenng maAes on]\ a negligible contri 

bution to the EXAFS As our FEW-5 03 calculations indl 

cated a backscattering amplitude for U - U  painngs in a 
hypothetical tetranuclear uran\l cluster ( ABERG 197 1 ) that 
mas larger than that calculated separatelk for U-Fe back 
scatterers at 3 4 A we conclude that within the margin of 
detectabilitL ( 10% ) no multinuclear uranvl complexes arc 
sorbed 

I f  we combine both the U -0 and U -Fe distmces ob 
tained from our fits to samples UF4 and UF3 d model of 
the adsorption complex can be assembled that is self consis- 
lent B\ taking the shared edge length between the uranjl 
ion and the Fe oxLhvdroxvl group as 3 0 A the observed 
U - Fe distance of 3 37 A (a\erage) and assuming a mean 
F c - 0  bond distance of2 00 A we obtain the U-Oequa 
tonal distances at the adsorption bond of 2 5 I A as observed 
Hence both this distance and the U - Fe distance ~ ~ p p o n  

Table 2 Summary of EXAFS Analysis' 

Filtered fit results Full EXAFS fining 

Sample UF 4 

U 0, U-0,, U-0- U Fe U 0, U 0,, U 0, U Fe 

Nb 200 3 0 0  2 0 0  042 200 300 2 0 0  108 

WAY 179 2 3 4  2 4 6  3 3 3  180 2 3 5  2 5 2  341 

13 (A') 0002 00092 0021 0002 00028 O O O B I  00084 0009 

4 2  II E, (ev) I301 1-301 1 -301 101 0 9  0 9  

Sample UF3 

K I 2 0 0  I 104 

'U 0 flts were made with integral coordination numbers I e all reasonable combinations of 
integral value6 were first attempted and those that resulted in best fits were fixed in subsequent 
refinements U Fe coordination numbers were floated in all frts 
bAveraoe coordination number c .. 

1 'Average bond distance I I 
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mononuclear bidentate complex shanng an edge wth a Fe 
hvdroxyl octahedron at the femhydnte crystallite edge 

(fig '0) This was also concluded by MANCEAU et al ( 1992), 
igh these authors observed a somewhat larger number 

of u - Fe pain 
We also collected data for samples at lower uranyl con- 

Centrations ( UF2 and U F  I ,  U / Fe molar ratios of 0 00 I and 
0 OOO4 respectively) Although the EXAFS from these sam- 
ples were too poor for full fitting analysis, the EXAFS were 
similar to that from the UF3 and UF4 samples thus sug- 
gesting similar adsorption complexes for all samples It should 
bc noted that other ions, e g , arsenate also form bidentate 
cor4exes on the femhydnte surface (WAYCHUNAS et al , 
19L However, in the case of arsenate, the complex involved 
two surface hydroxyls in a corner-shanng complex rather 
than the edge-shanng complex descnbed here 

SJrface Complexation Modeling 

Surface complexation modeling of  the U (VI) adsorption 
data was developed with the diffuse double laver model 
(STUMM et a l ,  1970 HUANG and STUMM, 1973) In the 
diffiise double layer model, as In other surface complexation 
mt s the surface is considered to be composed of  specific 
fur. ional groups that react with dissolved solutes to form 
coordinative complexes or ion pain in a manner analogous 
to complexation reactions in solution (DAVIS and KENT 
1990) The effect of electrostatic charge at the femhvdnte 
surface on the apparent strength of binding of charged ions 
in the model is calculated from the Gouy-Chapman theorv 
for the electncal double laver bv considenng one layer of  
surface charge and a diffuse layer o f  counter charges in SO- 

lution ( DZOMBAK and MOREL, 1990) A surface area of600 
m of Fe203 H20 was used in the model as recommended 
b\ A ~ I S  and LECKIE ( 1978) and DZOMBAK and MOREL 
(1990) 

The modeling approach considered the simplest stoichi- 
Ometrv and number of reactions possible that was consistent 
wth the EXAFS results and that would descnbe the exper- 
imental data The process was begun bv considenng the sim- 
plest reaction possible with a one-site, b~dentate surface com- 
p1e.c I e 

=Fe(OH)2) + UO:+ = (=FeOz)UOf + 2H+, (S)  

W z r r  (=Fe( OH)2) represents the two surface hydroxyls 
forming an edge-shanng, bidentate surface complex wth the 
uranyl ion (Fig I O )  Model calculauons discussed below that 
consider this species only are referred to as Model I To con- 
m a n  the modeling exercise initially, only U (VI) adsorption 
data in weakly acidic solutions (pH < 6) were considered 
because adsorption was essentially independent of the partial 
Pressure of CO1 in that range ( Fig 6) To test the goodness- 
ot-ht for any proposed set of reactions, we applied the 
n(' inear, least-squares optimization program, FITEQL 
( \  -STALL, 1982) FITEQL can adjust the values of one or 
t N 0  unknown surface complex formation constants in a 
Chemical equilibnum model to yield the best fit ofthe reaction 
et to expenmental data FITEQL output includes the value 
ofa goodness-of-fit parameter, SOS/DF. the sum of squam 

of the difference in value between model calculations and 
expenmental data points divided by the degrees o f  freedom 
A better fit to the expenmental data yields a smaller value 
of SOS/ D F  when companng an equal number ofdata points 
with the same relative or absolute error (FITEQL input pa- 
rameters) Ideallv, SOS/DF should approach a value o f  l 
before a model is considered valid ( WESTALL 1982) 

In the initial calculations using Eqn 5, we used the surface 
site densitv (0  205 mol sites/mol Fe in femhydnte) and 
aciditv constant values that were recommended by DZOMBAK 
and MOREL ( 1990) All the  U( VI) adsorption data as a func- 
tion of U ( V I )  concentration for pH < 6 were considered 
simultaneouslv i n  the FITEQL runs However as shown in 
Fig I la this one-site one-species model produced a relatively 
poor fit to the data (SOSIDF = 46 4) Equation 5 was also 
tned with onlv one proton released per U( VI)  adsorbed but 
this produced an even poorer fit to the data (SOS/DF 
= 8 2 9 )  

Freundlich adsorption isotherms are usually observed for 
cation adsorption on femhydnte (BENJAMIN and LECKIE, 
198 I ) and as shown by K I ' ~ U I B U R G H  ( 1986) and DZOMEAK 
and MOREL ( 1990) such adsorption data can be satisfactonly 
descnbed bv a two-site binding model In  a two-site model 
it is assumed that a small population of  high-affinitv sites 
exists on the surface randomlv distnbuted among a larger 
population of relativelv low-affinity sites Using this type of 
model combined with the diffuse double-laver model for 
electrostatic correction DZOMBAK and MOREL ( 1990) com- 
piled a set of adsorption constants for cation adsorption on 
femhvdnte with the following reactions tvpes 

Fe,OH + M '+ = Fe,OM * + H * 

and 

Fe,OHo + M" = Fe,OM+ + H' 

6 )  

7) 

where Fe,OHo and Fe,OHo represent strong-binding (high- 
affinitv) and weak-binding (low-affinitv) sites respectivelv, 
and M 2+ IS a divalent cation The electncal potential at the 
surface is assumed to be uniform that is, of  equal value at 
strong- and weak-binding sites 

To improve the fit of the model simulations to the U( VI)  
adsorption the following bidentate reactions were considered 
for strong- and weak-binding sites 

( E F ~ , ( O H ) ~ )  + UO:+ = (=Fe,02)UO; + 2 H +  (8)  

and 

( E F ~ , ( O H ) ~ )  + UO? = (=Fe,02)UO; + 2H' (9) 

Initial calculations using Eqns 8 and 9 (the two-site Model 
1 ) were performed wth the site densities for strong- and weak- 
binding sites that were recommended by DZOMBAK and Mo- 
REL ( 1990) i e 5 mmol strong sites/mol Fe and 0 2 mol 
weak sites/mol o f  Fe The agreement between the model 
simulations and expenmental data was improved (SOS/DF 
= 24 2 )  but charactenstics of  the model simulations sug- 
gested that considerable improvement could be obtained by 
changing the values of the site densities For example, the 
model was unable to simulate the observed differences in 
fractional adsorption for total U( VI) concentrations o f  
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10-’ M and IO-* M because the strong sites (5 X loL6 M) 
were in  excess for both cases To model the difference ob- 
served in the expenmental data requires a strong-site con- 
centration that approaches saturation in the svstem with IO-’ 
M U(V1) In addition the adsorption data at M total 
U (VI ) were poorlv descnbed because of weak site saturation 

To improve agreement between the model and expen- 
mental data the following steps mere taken ( I ) the strong- 
binding site densit\ Has determined b\ optimization with 
FITEQL as discussed below and f 2 )  the total site density 
was set to 0 875 mol sites/mol Fe Since the surface complex 
is bidentate 2 X M sites are required to adsorb IO-‘ M 
U (VI ) the total number of sites in the previous calculattons 
was onh 105 X IO-‘ M A higher number of surface func- 
tional groups for the weak-binding sile densit\ IS supported 
bv tntium exchange studies (YATES 1975 DAWS 1977) 
expenmental adsorption data for arsenate (FULLER et a1 , 
I993 ) geometnc considerations for pnmarv panicles com- 
posed of shon double Fe octahedral chains ( WAYCHUNAS et 
a1 , 1993 ) and previous surface complexation modeling ap- 
plications to femhvdnte (DAVIS et a1 1978, DAVIS and 
LEChlE 1978 1980 ZACHARA et a1 1987) Although O p  
timizatton of the weak-binding site densitv is also possible 
in pnnciple the process is more cumbersome because the 
aciditv constants and other adsorption constants must be re- 
denved each time a new total ste  densitv IS chosen (see DAVIS 
and KENT I990 for a discuson of  u h\ the constants depend 
on the site densitv) For all calculations discussed below, the 

FIG 1 I Surface complexation modeling Of U( VI ) adsorption daw 
as a funclion of total U(V1)  concentration i n  the pH range 4 0-6 0 
Svstem described has M femhtdnte (as Fe) equilibrated uiih 
air and an ionic strength of 0 I M ( a )  Best fit of a one site ont 
species model to the data A one-site model means that all surface 
sites are equi\alent The species modeled is an inner sphere bidenlaic 
surface complex with UO!’ IEqn 5 )  (b) Lanation i n  the FlTEQL 
goodness-of-fit parameter (SOS/DF 1 e sum of squares of - \idua)s 
dnided h\ degrees of freedom) of a Two-site one specie, - del IO 
the data as the total site densin of the strong binding site iz \aned 
The two-site model has strong and weah-binding surface sites The 
species modeled is the sdme for each site ( Eqns 8 9 ) ( c )  Ben fit of 
a two site one-species model (Model I ) to the data The species 
modeled is an inner sphere bidentate surface complex with UO’ 
(Eqns 8 9 )  

acidin and carbonaie adsorption constants thai were used 
dre gi\en i n  Table 3 These \slues mere determin.4 uith 
FlTEQL and are consistent \+ith a total site densit\ J 871 
moles sites/mol Fe Acidit\ constants were not redenbcd each 
time that t h e  strong site densit\ uas changed since i t  Has 
assumed that the acidit\ of weak and strong sites uas identical 
( D Z O M B A ~  and MOREL 1990) Carbonate adsorption con 
slants here included because i t  has been demonstrated that 
carbonate can adsorb on Fe oxides ( \  Ah GEE\ et a1 1994 
ZACHARA et a1 1987 BRUNO et a1 1992) 

TEQL \sas run i n  an iteratike fdshion with the strong-hindlnF 
site densit\ as a \anable Each run produced a difei aluc 
of the goodness-of-fit parameter allowing an estirn.tie OF an 
optimal \slue for the strong-binding site densit\ of I R mmol 
sites/mol Fe for the two-site Model 1 (Fig 1 1 b) Usin€ this 
value for the strong-binding site densitv gave a substantiall\ 
better fit (SOS/DF = 4 0 )  to the adsorption data for this 
two-site one-species model (Fig I I C )  Stabilin constants 
for the two U(VI ) adsorption reactions are given in Table 
As mentioned above carbonate adsorption reactions *‘eR 
included in the modeling but these reactions had a neell!?htC 
effect o n  the simulations of U(V1) adsorption 11 -1s pH 
range at a partial pressure of C02 of The iii  10 the 
data at 1 0-4 and 10 -’ total U ( VI ) concentration could on’’ 
be improved b\ adding a third tvpe of surface site 10 

model which was considered unwarranted 

Using Eqns 8 and 9 to descnbe U(V1)  adsorption 

The FITEQL modeling descnbed above was perfofled 

I 

1 
*Ol 
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Table 3 Fernhydnte Surface Reactions' 

5415 

Reaction I (I=O log 1 )  I Note 

rFeOH + H' = rFeOH; I 6 5 1  b 

iFeOH I =FeO- + W 1 913  b 

rFeOH + H,CO,O = rFeC0,H' + H,O 290  c 
rFeOH + H,CO,O = =FeCO;+ H,O + H' 509  c 

(rFe,(OH)J + UOF = (rFe,O,)UO,O + 2H' I 2 57 d f 

(=Fe,(OH),) + UO," I (rFe,O,)UO,O + 2H 628  d f  

3 67 e f 

0 42 e f 
(=Fe,(OH),) + UO," + C0:- I (=Fe,O,) L'O,COt'+ 2H 

(=Fe,(OH),) + UOp + CO," I (=Fe,O,) UO,CO:-+ 2H I 
'All constants determined with FITEOL using a two site diffuse double 
layer model and a total site density of 0 875 moles sites/mole Fe 

'From FITEQL fit of titration data of Davis ( 1  977) Reaction constants for 
weak and strong surface sites assumed to be equal 

'From FITEQL fit of carbonate adsorption data of Zachara et al (1987) for 
the closed system (+ 4 6 x lo%, F e t 8  7 x 10'M 0 1 M NaNO,) 
Reaction constants for weak and strong sur'ace sites assumed to be 
equal 

"From FITEQL fit of U(VI) adsorption data as a function of total U(V1) 
concentration in the pH range 4 0 6 0 with a strong site density of 0 0018 
moles sites/ mole Fe 

'From FITEQL fit of U(VI) adsorption data at Is0 1 in the pH range 6 5 9 
(after determining constants for data in the pH 4 6 range) 

'Mass action equations with bidentate surface complexes are defined with 
an exponent of one for rFeOH However qass balance equations 
assume a stoichiometnc coefficient of two for EFeOH (consuming two 
sites) following the approach of Davis and Leckie (1980) Calculations 
with diffenng coefficients for the mass action and mass balance equations 
are possible with FITEOL, but not with HYDRAQL 

fitting all of the adsorption data where pH was less than 6 
To test the robustness of  the model at higher pH values where 
carbonate complexation is important the same stabilitv con- 
stants for Eqns 8 and 9 (Table 3 )  were applied in simulations 
of U( VI) adsorption data in alkaline solutions at two partial 
pressures of  COl (Fig ]?a) Adsorption of U( VI) was slightly 
underpredicted bv the simulations in the higher pH range 
with the degree of underprediction increasing with increasing 
P mal pressure of CO, Houever the predictions were ac- 
tualh quite good for a one species model considenng the 
range of conditions and the complexitv of previous surface 
Speciation models published for this svstem 

To determine whether a simple refinement of the model 
would result in even better agreement with the data a two- 
Site two-species model ( Model 2 ) was tested where the sec- 
ond species proposed was a ternary surface complex com- 
posed of  the two edge-shanng surface hvdroxvls the u n n v l  
c-tion and a carbonate anion i e 

= (=Fe,0z)U02CO:- + 2H' ( I O )  

and 

( E F e , ( O H ) 2 )  -r U0:- + COi- 
= (=Fe,02)U02CO:- + 2H' ( 11) 

The stabilitv constants for the reactions shown i n  Eqns 10 
and I 1 (see Table 3 )  were determined with RTEQL bv fitting 
L ( VI ) adsorption data at an ionic strength of 0 1 M in the 
pH range 6 5-9 0 The same constants for Eqns 8 and 9 were 
used as determined previouslv in  Model 1 The Model 2 sim- 
ulations in  the alhaline pH range are in  excellent agreement 
n i t h  the data ( Fig I l a )  A similar result has been observed 
h\ KOHLER et 31 ( 1995) in a studv of U(V1) adsorption by 
goethite lnterestinglv the slight shift of  the Model 2 simu- 
lations to predict more U(  VI) adsorption near pH 4 75 at 
the higher partial pressure of  COz is consistent with the ex- 
penmental data 4lthough the difference in predicted U( VI) 
adsorption betueen Models I and 2 in the alkaline pH range 
is small the ternarv surface complex is predicted to be the 
most important surface species in  the pH range 6-9 (Fig 
I l b )  The model simulations suggest that it would only be 
a minor surtace species near pH 5 ,  at which samples for 
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8 0  8 5  9 0  9 5  100 105 

PH 

EXAFS analvsir were prepared The ternarv surface complex 
which is negativeh charged (Eqns 10, 1 I ) ma\ account for 
the obsened charge reversal of iron oxide panicles after ad- 
sorption of U (VI ) in the presence of carbonate as reponed 
bv Ho and MILLER ( 1986) 

The model simulations also agree well with the dependence 
of U ( VI ) adsorption on ionic strength in the pH 8-9 5 range 
( Fig 12c ) The ionic strength dependence of U (VI ) adsorp- 
tion in this pH range does not mean that the ternarv surface 
complex formed is necessani\ an outer-sphere species The 
diffuse double laver model used considers only inner-sphere 
surface complexes (DZOMBAK and MOREL, 1990) Instead, 
the ionic strength dependence of calculated adsorption in 
this pH range denves from the change in activities of the 
dominant aqueous species of U(VI), the highlv charged car- 
bonato complexes ( Fig 2a ) 

The modeling results suggest that the surface speciation of 
U (VI ) ma\ be far simpler than that observed I n  aqueous 
solution As shown bv the EXAFS results the coordination 
environment at the surface may gve strong preference to the 
bidentate edge-shanng linkage that is stable over a wde pH 
range In the alkaline pH range, carbonate may then attach 
10 adsorbed uranvl ion to form the ternary surface complex, 
although the results do not reveal any structural information 
about the complex It appears unlikelv that aqueous species 
such as UOz(C03)I- or UO,(CO,):- would adsorb strongly 
at the Fe oxide surface as proposed by HSI and LANGMUIR 
( 1985) due to stem and coordinative constraints Instead 

--- 
80 - 

60 - 

40 - 

20 - 

FIG 12 Surface complexation modeling of  u(vf) adsorption 
as a function of pH ionic strength and the panial pressure of Co2 
S\stem descnbed has lo-' M UCVl) and M femhbdnte (a 
Fe) ( a )  Prediction of U (VI ) adsorption over the pH range ;-9 
using the twwsite one-species model (Model I determined pre\iousl\ 
with FITEQL) and a two-site two-species model (Model 2 )  The 
Model I species is an inner sphere bidentate surface complea uith 
UO? (Eqns 8 9 )  Model 2 has a second species a ternan surface 
UO -C03 complex (Eqns 10 I I ) ( b )  Plot ofsurface specia~~on for 
adsorbed U(VI )  in Model 2 showing the distnbution of ad 
sorption between the two ivpes of surface species Svstem a .nbed 
is equilibrated with air ( c )  Prediction of Model 2 for U(V1 I ddsorp 
tion over the pH range 7 5- I O  as a function of ionic strength S\stem 
descnbed is equilibrated with air 

the data suggest that at the pH values at which these species 
become predominant in  aqueous solution (pH > S in air, 
p H >  7 i n  lSCO2 seeFig 2) U(V1)isdesorbedfr--the 
fernhydrite surface (Fig 138) 

CONCLUSIONS 
Major findings of  the experimental and modeling srudies 

of U(W) adsorption on ferrihvdnte are noted beloa 
( 1 ) EXAFS analvsis and the trend in U (VI ) adsorption on 

femhvdnte as a function of U( VI) concentration sugged 
that polvnuclear U(VI) species do not form readd\ at 
the surface i n  the circumneutral pH range as the\ do in 

solution 
( 2 )  The experimental data EXAFS analvsis, an( ?del 

simulations suggest that the major U (VI) species at the 
femhvdnte surface in the acidic pH range is an inner 
sphere bidentate complex involving two surface hv 
droxyls of an Fe octahedron edge and the uranvl cation 

( 3 ) A diffuse double-layer two-site surface complexation 
model with two proposed surface species provides an 
excellent dexlnption of U( VI ) adsorption on femh\dnle 
over a wide range of pH, U ( VI ) concentration and two 
COz panial pressures Manipulation of strong- and ueak- 
binding site densities was necessary in order IC -rain 
the best agreement between data and model simhratiOnS 
Compared to the sire densities recommended for fern- 
hvdnte b\ DZOMBAh and MOREL ( 1990) decrUslng 
the strong-site densitv bv a factor of 3 and increasing the 

( 

I 

-I 
it 
hi 
th 
cc 
SI 
J 
U' 

th 
E 
ar 

ri 

A 

A 

A 

At 

Bi 

Bt 

Bt 

CI 

I 

cc I 

j 

DA 

DA 
I 

I 

I 

DA 

: I  ( 

O A  I 

! 



\ 

I 

I 

I 

I 

1- 
10 

1 ha 
0 
'as 
-Y 

1Sh 

'he 
, Ih 

l for 
3d 
xd 
T+ 
ern 

Ice 

, 
I 

rS 

ir 
he 

I es 

I 
Jn 
st 
31 

in 

le1 

?e 
r- 

n 
I n  

in 

te 

1 il- 

in 

, 

b- 

0 

IS 

1- 

1s 
le 

1 

Adsorption of U (VI) on femhrdnte 5477 

weak-site density bv a factor of 4 greatlv improved the 
model simulations as a function of U( VI) concentration 

(4) The coordination environment of the femhvdnte surface 
av limit the complexity of U(V1) surface speciation in 

cbmpanson to that observed in aqueous solution Binding 
of the I I uranyltarbonate complex at the surface is 
suggested from the results of batch adsorption studies 
and assoclated surface complexation modeling, however 
coordination of U( VI) with two or more carbonate Ii- 

gands may prevent surface coordination 
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